Lactobacillus represents a major genus of the lactic acid bacteria, a diverse group of microorganisms of considerable economic importance that produce lactic acid as the major end product of metabolism (20) . Members of this genus are known primarily for their widespread use in various food and agricultural fermentation processes (9, 27) . Furthermore, it has become clear that some species of lactobacilli may beneficially influence the health of animals and humans, either as commensal colonizers of the gastrointestinal tract or when administered orally (21, 38) .
In view of the economic importance of Lactobacillus fermentation processes, improvement of the characteristics of Lactobacillus strains is of major interest. For many years, improved strains have been successfully selected by classical means. In addition, for future strain improvement, considerable research efforts are currently being made to render Lactobacillus strains accessible to modern genetic engineering techniques.
Application of recombinant DNA technology to Lactobacillus strains has long been hampered by the unavailability of suitable cloning vectors and transformation systems for these microorganisms. A major breakthrough toward the genetic engineering of Lactobacillus strains was only recently established when it became apparent that plasmid and phage DNA could be efficiently introduced into Lactobacillus casei by electroporation (10) . To date, it has become evident that many other Lactobacillus species also can be successfully transformed with this technique (e.g., see ref- erences 9, 24 , and 28 and see below).
Many scientific problems still need to be resolved before * Corresponding author.
Lactobacillus strain improvement by recombinant DNA technology can actually be achieved. For instance, little is known about the stability and incompatibility properties of Lactobacillus plasmid vectors. In this paper, we describe the construction of three plasmid vectors which are based on endogenous Lactobacillus plasmids. These vectors could be introduced into a number of different Lactobacillus species by means of electroporation. With one L. pentosus strain, incompatibility of the vectors and resident plasmids was observed frequently. Furthermore, we studied structural and segregational stability of the vectors in four different Lactobacillus strains.
MATERIALS AND METHODS
Materials. All enzymes for molecular cloning were purchased from Boehringer or Bethesda Research Laboratories and were used according to the recommendations of the suppliers. Lysozyme and erythromycin were from Boehringer, polyethylene glycol 20,000 (PEG-20,000) was from Serva, and chloramphenicol was from Sigma.
Bacterial strains and media. Lactobacillus strains used in this study are listed in Table 1 . The bacteria were routinely cultivated in MRS broth (Difco) (12) the API CH5OL gallery according to the specifications of the supplier (API System, Montalieu Verce, France).
Isolation of plasmid DNA and DNA manipulations. Lactobacillus plasmid DNA was isolated essentially according to an adaptation of the method of Currier and Nester (11), as described by Chassy and Flickinger (10) . For rapid plasmid screening, cells from a 4-ml overnight culture were resuspended in 400 pul of lysis buffer (either 12% [vol/vol] PEG-20,000 and 10 mM Tris-HCl [pH 8.0] with 2.5 mg of lysozyme per ml or 0.6 M lactose, 20 mM sodium maleate [pH 6.4] , and 20 mM MgCl2 with 2.5 mg of lysozyme per ml). After 2 h of incubation at 37°C, the cells were pelleted, resuspended in 400 ptl of 20 mM Tris-HCl (pH 8.0), and lysed by the addition of sodium dodecyl sulfate (SDS) to a final concentration of 1% (vol/vol). High-molecular-weight DNA was denatured by the addition of 35 pul of 1.0 N NaOH. After 10 min of incubation at room temperature, the lysate was neutralized by the addition of 70 pul of 2 M Tris-HCl (pH 7.0). After the addition of NaCl to a final concentration of 0.5 M, the lysate was extracted once with phenol and once with phenol-chloroform (1:1) and precipitated by the addition of 1 volume of isopropanol (1 h at -20°C). The nucleic acid pellet was washed once with 70% ethanol and finally dissolved in 30 pul of distilled water with 50 ,ug of RNase A per ml and incubated for 15 min at 37°C. Generally, 10 p.l of the solution was used for gel analysis.
The transformation of E. coli, isolation of plasmid DNA from E. coli, purification of plasmid DNA by cesium chloride centrifugation, filling in of recessed restriction enzyme ends, ligation of DNA fragments, and agarose gel electrophoresis were carried out by the method of Sambrook et al. (37) .
Transformation of Lactobacillus strains. Two electroporation procedures were used in the present study. The Fig. 2A and B) , which contain pBR322 or pUC19 as a replicon for E. coli in addition to a replicon for Lactobacillus strains. The second category comprises the vectors pLPE317 and pLPE323 ( Fig. 2C and D) , which contain a Lactobacillus replicon but no E. coli DNA sequences. In both categories, the vectors were genetically labeled with either the chloramphenicol resistance gene of the Staphylococcus aureus plasmid pC194 (18) or the erythromycin resistance gene of the S. aureus plasmid pE194 (17) .
The construction of pLP825 and the strategy to test the functional intactness of the cloned Lactobacillus replicon have been described previously (33) . Briefly, the 1.8-kb plasmid of L. plantarum ATCC 8014 was linearized with Bcll and inserted into the BamHI site of pHV60, a repliconscreening vector for Bacillus subtilis (29 Plasmid incompatibility in L. pentosus MD353. Transformation of L. pentosus MD353 with pGK12 appeared to be always accompanied (24 independently isolated transformants were analyzed) by loss of the endogenous 1.7-kb plasmid (Fig. 1, lane 4) . On the basis of the finding that pGK12 and the 1.7-kb plasmid have limited DNA homology (heterologous hybridization experiments; not shown), it seems likely that these two plasmids have similar replication functions and, therefore, are incompatible. By this perspective, the absence of the endogenous 2.3-kb plasmid from L. pentosus MD353 transformed with pLP3537 or pLPE323 (Fig. 1, lanes 6 and 8) is not unexpected, since it can be explained by the selective advantage of these vectors over the resident 2.3-kb plasmid (with the same replicon) when the host strain is cultivated in the presence of erythromycin.
Similarly, we expected that transformation of L. pentosus MD353 with pLPE317 would result in the loss of the endogenous 1.7-kb plasmid. Remarkably, however, we did not succeed in introducing this vector into an L. pentosus MD353 strain unless it had been previously cured of its endogenous 1.7-kb plasmid (by transformation with pGK12 and subsequent cultivation of the transformants in antibioticfree medium; see next section and Fig. 1, lane 10) .
Comparison of the L. pentosus MD353 wild-type strain and the cured strains with respect to growth characteristics and fermentation properties revealed no major differences, suggesting that neither the 1. Fig. 3 . The extent of segregation in other vector-host combinations was only evaluated by testing for vector presence after 100 generations of cultivating in antibiotic-free medium; the data are shown in Table 3 .
As illustrated in Fig. 3 contains the same Lactobacillus replicon as pLPE323, is low, between the stabilities of pLPE323 and pLPE317 (<10% of cells resistant after 100 generations).
On the basis of the results presented in Table 3 and Fig. 3 100 generations from nearly all strains tested so far (Table 3 ; Fig. 3 ). The vector pLP3537 is also unstable, but it seems to exhibit a lesser degree of segregational instability in these Lactobacillus strains. For example, after 100 generations, the presence of this vector could still be demonstrated in 34% of cells of L. casei ATCC 393 (Table  3) . Finally, the broad-host-range vector pGK12 is segregationally highly unstable in L. pentosus MD353 ( Table 3) .
The segregational instability of pGK12 and pLP3537 in L. pentosus MD353 made it relatively easy to obtain an L. pentosus MD353 mutant strain cured of both the 1.7-and the 2.3-kb plasmids. For that purpose, L. pentosus MD353 transformed with pGK12 (thereby cured of the 1.7-kb plasmid) was cultivated for 100 generations in antibiotic-free medium (loss of pGK12) and, after transformation with pLP3537 (loss of the 2.3-kb plasmid), it was again cultivated for 100 generations without selective pressure (loss of pLP3537) (not shown). Evidently, when classical curing Fig. 3 ; Table 3 ). In L. plantarum ATCC 14917, however, pLPE323 is relatively unstable (Table 3) . Remarkably, pLP825 appears to be completely stable in L. casei ATCC 393, whereas in all other strains it is not ( 
DISCUSSION
Electroporation has proven to be an efficient and reliable method for the introduction of foreign DNA into a wide range of gram-negative and gram-positive bacteria (e.g., see references 1, 8, 23, and 43), including several members of the lactic acid bacteria (e.g., see references 2, 10, 16, 24, 26, and 34). It is, therefore, no surprise that this technique could also be successfully applied to achieve transformation of several Lactobacillus species with vectors containing Lactobacillus plasmid replicons. An interesting feature of replicons from cryptic L. plantarum and L. pentosus plasmids is that they all appear to be functional in many different Lactobacillus species. As has been demonstrated before, pLP825 can also be functionally maintained in B. subtilis (33) . A broad host range may be a common feature of Lactobacillus plasmids. A cryptic L. hilgardii plasmid, for instance, appeared to be able to replicate not only in L. hilgardii but also in different Lactobacillus, Bacillus, and Enterococcus strains (19) . However, not all Lactobacillus plasmids contain a broadhost-range replicon, since a vector based on a cryptic L. acidophilus replicon appeared to be functional only in the L. acidophilus strain from which it was isolated (unpublished result).
Transformation efficiencies for Lactobacillus strains may vary from 102 to 107 transformants per ,ug of plasmid DNA ( (25) , restriction systems for plasmid DNA do appear to be important transformation barriers. However, the low transformation efficiencies of the other strains that we have studied compared with those obtained with L. casei ATCC 393 and L. plantarum NCDO 1193 (Table 2 ) are more likely explained by a nonoptimized transformation procedure rather than by restriction of plasmid DNA.
In many cases, transformation of L. pentosus MD353 with Lactobacillus vectors resulted in the simultaneous loss of one or more endogenous plasmids (Fig. 1) . The curing of L.
pentosus MD353 of the 1.7-or 2.3-kb plasmid is most likely to be explained by the incompatibility of the vector and a resident plasmid with the same or a nearly identical replicon (32) . Examples of curing by plasmid incompatibility have also been described by Van der Lelie et al. (40) (40) showed that incompatibility of a vector and a resident plasmid was generally correlated with a low transformation efficiency. The finding that transformation of L. pentosus MD353 with pLPE317 was unsuccessful may, therefore, be a direct consequence of a (too) low transformation efficiency when the 1.7-kb (incompatible) endogenous plasmid is still present. Transformation of L. pentosus MD353-with pLPE323 or pLP3537, on the other hand, appeared to be equally efficient whether or not the strain had been cured of its 2.3-kb plasmid (not shown), demonstrating that plasmid incompatibility does not always negatively influence the transformation efficiency of L. pentosus MD353. Therefore, the finding that no L. pentosus MD353 transformants with pLPE317 could be generated may have to be explained in a different way, for instance, by assuming that by the insertion of the erythromycin resistance gene into the 1.7-kb plasmid, an element involved in plasmid maintenance has been inactivated. As a consequence, the 1.7-kb plasmid has a selective advantage over pLPE317, despite the fact that selection is carried out for the vector. The hypothesis of inactivation of a plasmid maintenance function is strengthened by the finding that pLPE317 is unstable in every Lactobacillus strain tested so far ( Table 3) .
As illustrated in Fig. 1 , introduction of pGK12, pLP3537, pLPE323, or pLPE317 into L. pentosus MD353 not only results in the loss of the 1.7-kb plasmid or the 2.3-kb plasmid but is additionally accompanied by the loss of one of the larger endogenous plasmids and, in some cases, by a reduction in the copy number of one of the larger endogenous plasmids. At this moment, we do not have a conclusive explanation for these phenomena.
In B. subtilis, both segregational and structural instability of plasmid vectors frequently have been observed (6, 7, 13 (Fig. 3; Table 3 ).
It has been well documented that small (<10 kb) plasmids of gram-positive microorganisms belong to a large group which replicate via a single-stranded DNA intermediate (14, 15, 35, 36) . The insertion of DNA in plasmids with such a rolling-circle mode of replication is thought to interfere with the replication process through the accumulation of singlestranded DNA (35, 36) , resulting in segregational instability (7, 15 
